Introduction
Enterococci have emerged in recent years as a cause of serious nosocomial infections. The treatment of choice of such infections is usually the synergistic combination of a penicillin or a glycopeptide with an aminoglycoside, most commonly gentamicin or streptomycin. The efficacy of the above combinations has been compromised by the emergence of enterococcal strains displaying multiple antibiotic resistance, including resistance to penicillins, high levels of aminoglycosides, and glycopeptides. 1 Enterococcus faecalis with high-level gentamicin resistance was first reported in France in 1979. 2 Since this initial report, strains of E. faecalis with high-level gentamicin resistance have been reported from a diversity of geographical areas. 1 The gentamicin resistance (Gm r ) determinant is plasmidborne in most E. faecalis strains studied until now (refs 2-4 and Casetta, de Cespédès & Horaud, unpublished data) and it has also been reported to be carried on the chromosome in both streptococci 5, 6 and E. faecalis. 7, 8 The aac6-aph2 gene, encoding the bifunctional aminoglycoside-modifying enzyme 6 -acetyltransferase and 2 -phosphotransferase, is carried by the plasmid-borne transposons Tn4001, Tn4031 and Tn5281 in Staphylococcus aureus, 9 Staphylococcus epidermidis, 10 and E. faecalis, 11 respectively, and by the chromosomal transposons Tn924 in E. faecalis 12 and Tn3706 in Streptococcus agalactiae. 13 In a recent study, high-level resistance to gentamicin in E. faecalis strains isolated in a Romanian hospital has been reported to occur at a frequency of 21.8%. 14 The purpose of the present report was to provide information on the genetic and molecular basis of high-level resistance to gentamicin in E. faecalis strains isolated in Romania and to evaluate potential phenotypic and molecular markers to be used in the epidemiology of enterococcal nosocomial infections. In this study, we examined the conjugative transfer of the Gm r marker from 16 E. faecalis strains, the restriction endonuclease profiles of the Gm r plasmids, the structure of the genetic element(s) carrying the Gm r marker, the macro-restriction patterns of the genomic DNA, and the presence of Tn916-like chromosomal elements.
Materials and methods

Bacterial strains
The 16 wild-type clinical isolates used in this study are presented in the ) plasmids ranging from 55 to 85 kilobases. On the basis of restriction enzyme and DNA-DNA hybridization profiles of these plasmids, as well as of chromosomal SmaI macrorestriction and Tn916 hybridization patterns, clonal relationship was established for seven strains whereas the other strains were considered to be independent. Nine and seven of the Gm r plasmids carried Tn4001-like and Tn4001-truncated structures, respectively; the latter structures were truncated in the right-hand fl anking extremity of the element.
originated from the same patient but from different sites. Strain IC25 was isolated from an ambulatory patient. All the strains were identified according to the criteria described previously. 15 
Determination of resistance to antibiotics and penicillinase activity
Antibiotic resistance was tested by the disc diffusion method in brain heart infusion agar (BHIA, Difco Laboratories, Detroit, MI, USA) supplemented with 5% horse blood. Disc concentrations were 250, 1000, 2000 and 500 g/disc for gentamicin, kanamycin, neomycin and streptomycin, respectively. Penicillinase activity was tested using nitrocefin-containing discs (Cefinase; bioMérieux, Marcyl'Etoile, France); no penicillinase activity was detected in any of the strains listed in the Table. Mating experiments
Matings were performed on membrane filters under the conditions described previously. 16 The recipient used was the plasmid-free E. faecalis JH2-2 strain. 17 Antibiotics used were 1000 mg/L gentamicin for selection of transconjugants and 25 mg/L fusidic acid plus 100 mg/L rifampicin for counterselection of the donors.
DNA isolation
Plasmid DNA was isolated from E. faecalis wild-type strains and from E. faecalis transconjugants as described previously. 18 The chromosomal DNA was collected and purified in the same way as the plasmid DNA.
DNA analysis
Plasmid and chromosomal DNA was digested with EcoRI, HaeIII, HindIII, HincII, and ScaI restriction endonucleases according to the specifications of the manufacturer (Amersham International, Little Chalfont, UK). The fragments were separated by electrophoresis on 0.7% agarose gels. A 1 kb DNA ladder (Bethesda Research Laboratories, Inc., Cockeysville, MD, USA) and Raoul-I ladder (Appligène, Strasbourg, France), were used as molecular size markers.
Pulsed-field gel electrophoresis
Overnight brain heart infusion cultures from one isolated colony of each E. faecalis strain were spread on brain-heart infusion agar (BHIA) at 37°C. The harvested cells were suspended in 2 mL TNEE buffer (10 mM Tris base, 1 M NaCl, 10 mM EDTA, 10 mM EGTA; pH 7.5) and adjusted to an optical density at 540 nm of 2.5. For plug formation, 200 L of the bacterial suspension was mixed with an equal volume of 2% low-melting-point agarose (InCert Agarose; FMC Bioproducts, Rockland, MA, USA) in TE buffer (10 mM Tris base, 1 mM EDTA) at 50°C, poured into plug moulds and allowed to solidify at 4°C. Half an agarose plug was then placed in 1 mL of lysis solution 1 (6 mM Tris base, 200 mM EDTA, 1 M NaCl, 0.5% Brij 58, 0.2% deoxycholate, 0.5% sodium lauroyl sarcosine, 50 L of a freshly prepared lysozyme solution (20 mg/L in TE)) and left for 18 h at 37°C with gentle shaking. The plug was then placed in 1 mL of lysis solution 2 (0.3 M EDTA, 20 mM EGTA, 1% sodium lauroyl sarcosine, 50 L of proteinase K solution (10 g/L in TE)) and left for 48 h at 55°C with gentle shaking. The plugs were first washed in 5 mL of TE buffer containing 1 mM phenylmethylsulphonyl fluoride (PMSF) for 1 h at room temperature and then three times (15 min at room temperature, 15 min at 55°C, 15 min at 4°C) in 5 mL of TE buffer and stored at 4°C. Digestion was performed by placing 1/4 of a half agarose plug in 200 L of an appropriate reaction buffer with 2 L of SmaI (Amersham International, Takara, Japan) for at least 8 h at 30°C. The slices were then washed with 1 mL of TE for 1 h at 4°C. SmaI-digested chromosomal DNA fragments were separated in 1.2% (w/v) agarose gels in 0.5% TBE migration buffer (1 M Tris base, 1 M boric acid, 0.5 M EDTA) using a CHEF (contour-clamped homogeneous electric field) Pulsaphor system (Pharmacia LKB Biotechnology, Lund, Sweden); the pulse time was increased from 2 to 35 s over 22 h at 235 V. A lambda ladder PFG marker (New England Biolabs, Beverly, MA, USA) was used as a molecular size standard. The gels were photographed with UV illumination after staining in ethidium bromide and destaining in distilled water.
DNA blotting and hybridization
Digested plasmid and chromosomal DNA was transferred to nylon filters by a bidirectional method. 19 Pre-hybridization and hybridization under stringent conditions, as well as the labelling of the DNA probes, were performed as described previously. 18 
Probes for DNA-DNA hybridization
The following probes were used in hybridization experiments: (1) 
Results
Plasmid content of wild-type strains
Between one and four plasmids were present in each of the 16 strains studied (Table and Figure 1 ). The plasmid profiles were identical in strains VB9 and VB12, VB10 and VB11, and VB22 and VB23, and various in the remaining strains. Sequences homologous to the aac6-aph2 gene were located in all the strains on the largest plasmid, except in VB20 where it was located on the second largest plasmid. 
Conjugative transfer of Gm r marker and plasmid isolation in transconjugants
examined, one or two plasmids were detected. The aac6-aph2 gene was located, as in wild-type strains, on the largest plasmid (not shown).
Restriction endonuclease profile of plasmids harboured by the transconjugants
Plasmid DNA was digested with the enzymes usually used to characterize the Tn4001-like structures carrying the Gm r marker: EcoRI, HaeIII, HincII, HindIII, HpaII, ScaI and ScaI-HindIII. 9 The restriction patterns obtained were similar for the plasmids presented in Figure 2a and almost identical for pICC10 and pICC11 (originating from the same patient) regardless of the enzyme used. The plasmids shown in Figure 2b had different restriction profiles from those shown in Figure 2a even though a variable number of fragments of the same molecular weight could be observed among all the plasmids studied here. Moreover, the profiles of the plasmids of the latter category also differed between themselves, except pICC7 and pICC19 (originating from different patients) as well as pICC22 and pICC23 (originating from the same patient) which were almost identical.
DNA-DNA hybridization pattern
The Southern blots of the restriction digests were probed with the aac6-aph2 gene and with IS256. When the structures carrying the Gm r determinant were mapped, two 486 Figure 1 . Profile of undigested plasmid DNA in wild-type strains. The number of each lane corresponds to the strain designation (see Table) . The Gm r marker was located by DNA-DNA hybridization on the largest plasmid in each strain, except VB20 where it was located on the second largest plasmid.
categories of genetic elements were found: (i) Tn4001-like elements (Figure 3a) in which, whatever the restriction enzyme used, the sizes of the hybridizing fragments were equivalent to those of the internal fragments of Tn4001; 9 (ii) Tn4001-'truncated' elements ( Figure 3b ) in which the sizes of the hybridizing fragments differed from those of Tn4001. The latter elements were truncated in the righthand flanking region of IS256. Tn4001-like elements were identified in plasmids pICC1, pICC3, pICC5, pICC9, pICC10, pICC11, pICC12, pICC18 and pICC25 and Tn4001-truncated elements in the remaining Gm r plasmids. In the Tn4001-truncated elements an identical structure in the region surrounding the aac6-aph2 gene was present in pICC2, pICC7, pICC20 and pICC22, a slightly different structure in pICC21 and pICC23, and a completely different structure in pICC19 (not shown). The hybridization results suggest that plasmids pICC3, pICC9, pICC12 and pICC18 might contain a tandem repeat of the IS256 element at one end, since HaeIII and HindIII fragments of 1.0 kb and 1.3 kb, respectively, hybridized with the IS256 probe.
Sequences homologous to the aac6-aph2 gene were detected, as in Tn4001, 9 on a unique EcoRI fragment of various sizes in all the plasmids, except pICC21, in which three hybridizing fragments were revealed, suggesting the presence in this plasmid of three copies of the gene. All the plasmids carrying a Tn4001-truncated element were probed with IS257. No sequences homologous to this probe were found on any of these plasmids.
Analysis of the wild-type host chromosome
In order to evaluate the degree of relatedness of the strains studied here and to determine whether they had a clonal origin, we analysed the macro-restriction patterns and examined the strains for the presence of Tn916-like elements in the wild-type host chromosomes.
Macro-restriction profile of wild-type bacterial genomes.
SmaI-digested genomic DNA of the 16 wild-type strains was subjected to pulsed-field gel electrophoresis. The genomic DNA of seven (VB1, VB5, VB9, VB10/VB11, VB12, VB18) of the nine strains harbouring plasmids that carried Tn4001-like elements and that had similar restriction enzyme patterns (Figure 2a VB3 and IC25 (Figure 4a ) and of the strains shown in Figure 4b differed between themselves as well as from those of the seven strains mentioned above except strains VB2 and VB22/VB23, as well as VB7 and VB20 which had macro-restriction profiles that were somewhat similar. Southern blots of SmaI-digested DNA of the 16 wild-type strains were probed with the aac6-aph2 gene and with IS256. No sequences homologous to aac6-aph2 were detected in any of the bacterial genomes. In contrast, the IS256 probe hybridized with seven fragments in VB25, four in VB19, three in VB9, two in VB22/VB23, one in VB1, VB2, VB5, VB7, VB10/VB11, VB12, VB18 and VB20, and none in VB3 and VB21.
Presence of Tn916-like elements in wild-type host chromosome. HincII-digested chromosomal DNA of the 16 wildtype E. faecalis strains was probed with Tn916. Neither the chromosomal nor the plasmid DNA of IC25 hybridized with Tn916 or with the probes bearing one of the tetracycline-resistance genes tested here (tetL, tetM, tetO) suggesting the existence, in this strain, of another class of Tc r -Mn r determinant. In each of the remaining 15 strains, a HincII profile similar to that of Tn916 22 was detected (not shown). The tetM gene was located on a 4.8 kb HincII fragment, as it is in Tn916, in all cases except VB19, which carried the tetM gene on a 6.0 kb HincII fragment. When the chromosomal DNA of the 15 wild- type strains was digested with HindIII ( Figure 5a ), two fragments hybridizing with Tn916 were detected in each strain, except VB19 where three fragments were revealed; in all strains the tetM gene was located on the smallest hybridizing fragment. Since in VB19 only one of the three HindIII fragments hybridized with the tetM gene, we can conclude that in this strain there are two HindIII sites rather than a double copy of the element. The analysis of HincII and HindIII profiles in VB19 suggests that this strain carries a Tn3708-like chromosomal element. 27 When the chromosomal DNA was digested with EcoRI ( Figure 5b ) no restriction site was found in strains VB3, VB7 or VB20 whereas one EcoRI site was detected in the remaining strains; the tetM gene was located on the largest hybridizing EcoRI fragment. The results presented in Figure 5 indicate that strains VB1, VB5, VB9, VB10/VB11, VB12 and VB18 had identical HindIII and EcoRI hybridization profiles while those of the other strains were different. Moreover, although VB7 and VB20 had HindIII hybridizing fragments identical in size to those of the seven strains cited above, they differed from the latter strains since they did not have recognition sites for EcoRI. The chromosomal elements carried by the 15 E. faecalis strains, as well as the Tc r -Mn r marker of IC25, were conjugative (data not shown).
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Discussion
The Gm r determinant was found to be plasmid-borne in all the 16 E. faecalis strains resistant to high concentrations of gentamicin; it is carried by either Tn4001-like or Tn4001-truncated structures. The existence of elements resembling Tn4001 which are truncated in the right-hand flanking region of IS256 has also been revealed in 15 of the 20 Gm r plasmids harboured by French isolates of E.
faecalis studied recently (Casetta, A., de Cespédès, G. & Horaud, T., unpublished data) as well as in pIP1701 carried by an Enterococcus raffinosus strain isolated in Portugal. 28 Fifteen of the 16 strains studied here were isolated in the same year in several wards of one Romanian hospital. Interestingly, seven of these strains, VB1, VB5, VB9, VB10/VB11, VB12 and VB18, most of which were isolated from patients hospitalized in the same ward and mainly in the first half of 1993, harbour Gm r plasmids with very similar, if not identical, restriction enzyme ( Figure 2a ) and hybridization profiles. In addition, the bacterial chromosomes of these strains present similar SmaI macro-restriction (Figure 4a ) and Tn916-like hybridization ( Figure 5 ) patterns.
The pulsed-field electrophoresis technique applied by Murray et al. 29 to the study of large chromosomal DNA fragments in enterococci is a useful molecular tool for epidemiological surveys. According to the criteria published recently by Tenover et al. 30 for interpreting the fragment patterns resolved by pulsed-field gel electrophoresis, the strains investigated here could be considered as indistinguishable (VB10 and VB11; VB22 and VB23), closely related (VB9 and VB12; VB5 and VB18), possibly related (VB1, VB5, VB9, VB10/VB11, VB12, VB18 or VB7 and VB20, VB2 and VB22/VB23), and different (VB3, VB19, VB21, IC25). It is interesting to mention that strains VB7 and VB19 are considered as independent (Figures 1 and  4b ) although they harbour almost identical Gm r plasmids (Figure 2b) . Any relationship could be established between the macro-restriction profiles and the number of IS256 copies detected in the chromosome of the 16 strains studied.
The present study, as well as other reports, 3, 4, 8, [31] [32] [33] [34] [35] provides a potential strategy for the molecular typing of gentamicin-resistant E. faecalis strains. Features such as haemolytic activity, antibiotype of wild-type strains, MICs (Table) . (a) HindIII digestion; the tetM gene was located in all cases on the smallest hybridizing HindIII fragment. (b) EcoRI digestion; the tetM gene was located in all cases on the largest hybridizing EcoRI fragment.
of gentamicin, frequency of conjugative transfer, antibiotype of transconjugants, and plasmid content of the wildtype strains could be used to classify strains loosely, but are not sufficient for epidemiology. However, we consider it important to perform mating experiments in order to analyse more accurately the transferred plasmids even though there may be the risk of possible contamination with one or perhaps several co-transferred plasmids from the wild-type strain. The analysis of genotypic features, such as the macro-restriction patterns of the wild-type host genomic DNA and the restriction endonuclease profiles of the Gm r plasmids, indicates that these could be important discriminatory characters. The advantage of the genomic DNA study over that of the Gm r plasmids is that only minor differences, due to chromosomal point mutations, occur among the clonally related strains while the plasmids can undergo various molecular rearrangements during replication or genetic transfer and, moreover, similar, if not identical Gm r plasmids can be carried by independent strains (VB7 and VB19). In addition, since the incidence of resistance to tetracycline-minocycline in E. faecalis is very high in many geographical areas (about 70-80% in France) and appeared long before the emergence of high-level resistance to gentamicin, the detection of chromosomal mobile genetic elements, like Tn916 22 or Tn3708, 27 could be useful and complementary to the macro-restriction analysis.
